An integral part of the multispecies program at this laboratory deals with hematologic changes associated with external ionizing radiations. In order to facilitate several simultaneous studies and to reduce experimental error, as well as for comparative purposes, the feasibility of an electronic particle counter for erythrocyte and leukocyte enumeration was investigated. A number of reports describe this type of instrument and attest to its accuracy, reproducibility, speed, and simplicity of operation, [2] [3] [4] [5] [6] [7] ' 10 principally in the field of human medicine. This paper deals with findings when such an instrument was calibrated and standardized for use with 12 mammalian species.
METHODS AND MATERIALS
Instrument. The instrument calibrated was a model "A" Coulter Counter* with a 100-M aperture tube. Detailed descriptions and operational procedures are reported elsewhere 4, 5 > 10 and are not germane to this report, except as noted.
Calibration consisted essentially in determining optimal aperture current (AC) setting, threshold (T) values, and concentration of stromatolytic agents. Aperture current controls the amplitude of the electric current through the counting tube and, thus, the pulse heights seen on the oscilloscope. Threshold settings control the pulse height Received, July 9, 1962 sensitivity, so that one may study distribution of cell size. Stromatolytic agents are selected for their ability to destroy erythrocytes rapidly and selectively.
Animals. Normal adult animals from the laboratory colony were used in this study. Those included were the burro, mongrel dog, angora goat, Hartley strain albino guinea pig, Syrian hamster, Cynomolgus monkey (Macaca philippinensis), CFi Carworth and LAFi mouse, f New Zealand rabbit, SPF Sprague-Dawley rat, ColumbiaRambollet sheep, and Duroc swine. As is discussed later, human blood was also calibrated and standardized.
Samples. Venous blood was drawn directly into disposable syringes previously rinsed with heparin sodium solution. A dilution of 1:500 was obtained by adding 500 ^1. of this blood to a flask of diluent and bringing the volume to 250 ml. This flask was marked "Dilution A," and its contents were used for leukocyte determinations. A dilution of 1:50,000 was obtained for erythrocyte determinations by means of adding 2 ml. of "Dilution A" to a flask of diluent and bringing the volume to 200 ml. The diluent used was 0.9 per cent saline solution, to which was added 1.6 ml. of formalin per liter. Diluent was prepared in large quantities, was "aged" for at least 2 weeks to permit dust and other particles to settle, and was siphoned from the surface. Background counts, although consistently low, were routinely performed and subtracted from the gross counts.
Enjihrocyte determinations. A beaker with 100 ml. of erythrocyte suspension was placed on the counter. The optimal aperture current setting, which was determined visually, was based primarily on obtaining an • E r y t h r o c y t e dilution, 1:100,000.
oscilloscope image that filled the screen and provided optimal pulse heights. Readings of threshold values were taken at intervals of 2 digits, from just above the noise level to the point at which the counts began to drop precipitously. The average of 3 consecutive readings was corrected for coincidence by referring to a correction table provided with the machine. Duplicate hemacytometer counts were performed only as reference standards, inasmuch as the accuracy of the machine has already been well established. 2 
' '• 10
Leukocyte determinations. In order to determine optimal amounts of saponin for erythrocyte destruction, varying amounts of 5 per cent Coulter Saponin* were added to 100-ml. aliquots of the leukocyte suspension. Considerable variation in lytic action of commercial saponin had previously been noted 1 ' 2 ' 8 and was also observed early in this study. An aperture current setting was selected visually, as was the threshold setting. The latter remained constant for each species. Solution clearing time was noted and generally was well under 2 min. The average of 3 consecutive counts was * From Coulter Electronics, 590 West 20th Street, Hialeah, Florida. obtained at 2-min. intervals during a 30-min. period. The object was to find the amount of saponin that lysed the erythrocytes quickly and yet allowed a considerable period before lysing the leukocytes. When the optimal saponin concentration was established, this amount was added to another 100-ml. aliquot of the leukocyte suspension. Leukocyte samples were set aside until that time at which the previously determined stromatolytic curves had reached a plateau. Threshold values at several AC settings were obtained in a manner similar to that used for erythrocytes. Background saponin samples were routinely run and subtracted from the gross counts. Duplicate hemacytometer counts were performed as reference standards.
RESULTS
Erythrocytes. The erythrocyte threshold curves are illustrated in Figure 1 . Grouping according to optimal aperture current setting is apparent. The erythrocytes of all animals considered in this work were easily adaptable to Coulter Counter enumeration. Little difficulty was experienced with the procedure and method.
Leukocytes. Typical saponin-time curves are illustrated in Figure 2 . For standardization purposes, 15 min. after the addition of saponin was chosen as the time at which samples would be routinely counted, inasmuch as the erythrocyte destruction seemed to be complete at that time and a plateau extended for another 10 to 15 min. Most animals responded favorably to the stromatolytic action of Coulter saponin.
Leukocyte aperture current and threshold curves are presented in Figures 3 and 4 . These are grouped according to optimal AC settings. The curves for leukocyte calibration are not as ideal as those for erythrocytes. This shortcoming indicates some of the difficulties encountered with leukocytes, which are dealt with in the discussion. Table 1 presents the optimal AC, T, and saponin values as determined by this study. It should be noted that erythrocyte dilutions for sheep and goats are twice those for other species. This was necessary because of Vol. 39 the large number of circulating erythrocytes usually found in these species.
DISCUSSION
Curves obtained for erythrocyte T setting were characterized by extended plateaus, inasmuch as the size distribution of a normal erythrocyte population is relatively uniform within a given species. Little difficulty was anticipated or experienced in determining proper instrument settings for these cells. The observed plateau was short and a rapid falloff occurred for sheep and goat erythrocytes. This finding is explained by the smaller diameter of the erythrocytes characteristic of these species. It is apparent that the AC setting is dependent upon cell size;
7 the smaller the erythrocyte, the higher the optimal AC setting. For example, the goat erythrocyte of 4-/x diameter 9 requires an AC setting of 7, whereas the dog erythrocyte of 7-M diameter 9 requires a setting of 5.
When calibration for threshold settings follows a plateau, as illustrated in Figure 1 , any convenient T setting may be selected within that plateau. For standardization we have chosen the same T setting (10) for all species, inasmuch as this setting was uniformly acceptable.
As mentioned previously, variation in the stromatolytic ability of commercial saponins was noted. The purity of the Coulter saponin made it more desirable as the standard lytic agent. In several of the species it was observed that freezing and thawing of saponin solutions reduced the effectiveness of the material and increased the debris problem. The standard procedure in this laboratory has been to Aveigh small amounts of powdered saponin in capped vials. When saponin is needed, 0.9 per cent saline solution is added to the vial to make a 5 per cent solution, and the solution is filtered. In this manner, freshly prepared saponin solution is readily available. In sheep and other species that require relatively large amounts of saponin, it was found that stirring or agitation prior to counting increased the debris problem. The cause of this finding is not entirely clear, but the increase is thought to be due to aggregation of small pieces of erythrocyte stromata that are not totally destroyed by the saponin, the aggregation being enhanced by stirring the sample. It is believed that adequate mixing is obtained by pouring the aliquot into a beaker containing the saponin. After the addition of saponin, 15 min. was allowed to elapse before each sample was counted. During that period, complete stromatolysis had occurred for all species and the leukocyte population was still unaffected. This is evidenced by the curves in Figure 2 . The selection of a standard counting time after the addition of saponin reduces the chance for error from sample to sample due to different durations of the action of saponin on the leukocytes.
Differences in leukocyte cell sizes within the circulating population of a given species were the cause of some difficulty. Monkey peripheral blood, for example, contains numerous small lymphocytes whose diameters may be less than those of normal erythrocytes. Inasmuch as the T setting for counting leukocytes is usually selected to screen out any undestroyed erythrocytes, there is the possibility that these small lymphocytes are also selectively omitted from the count. In the case of the monkey in which the lymphocyte-granulocyte ratio is roughly 2, 3, or 4 to 1, such an omission could greatly affect the total leukocyte count. Centr if ligation of samples of whole blood, removal of the buffy coat, and resuspension for counting procedures indicated that the small lymphocytes were being included in the total leukocyte enumerations. It should be pointed out, however, that the leukocyte T setting should be selected at as low a number as possible in order to include the entire leukocyte population. This requirement emphasizes the need for adding a sufficient amount of saponin to stromatolize the erythrocytes adequately.
A number of species have considerable variation in size distribution of leukocytes in their circulation. As threshold settings were raised a consistent decrease in observed cell counts occurred, and no plateau was attained. In some instances, this problem was not completely solved by raising the AC setting. At the higher AC settings, increased noise levels became a problem. Al- though reasonably good curves were obtained for all species, in some instances it was difficult to select a standard threshold setting. As indicated in Table 1 , an attempt was made to select uniform threshold settings for all species in order to simplify operational procedures. Fortunately most plateaus were extensive enough to allow considerable freedom of choice in this selection. Once the aperture current settings, thresholds, and saponin values were determined, a comparison was performed on a second model "A" Counter. All settings inside the console (e.g., oscilloscope gain trim, and so on) were adjusted to approximate closely the first instrument for a given species. From the results listed in Table 2 , it is believed that settings herein reported may be used on other model "A" Counters.
Although these instruments are used primarily for laboratory animal research projects, they were used for base-line studies on 40 human beings. Human standard curves were obtained in order to ascertain correct operating procedures and technics. That the settings selected corresponded to those of Richar 8 further indicates that the same settings probably may be used on different instruments of the same model.
The standard procedure now in use at this laboratory, based on our experience with 12 mammalian species, consists of the following:
1. Fifty microliters of heparinized whole blood are added to 25 ml. of 0.9 per cent saline solution, and the mixture is marked for leukocyte counts.
2. Two hundred fifty microliters of this solution are added to 25 ml. of 0.9 per cent saline solution, and the mixture is marked for erythrocyte counts.
3. Erythrocyte counts are performed at settings indicated for the species. The average of 3 successive counts, minus background and corrected for coincidence, is the net count.
4. The suspension of leukocytes is added to a beaker containing the proper amount of fresh 5 per cent saponin solution. At 15 min., 3 successive counts are obtained and averaged. Saponin background is subtracted for the net count.
5. The aperture tube is rinsed frequently between samples, and at least once weekly the tube is removed and washed thoroughly.
SUMMA RY
Findings of a calibration and standardization study with a Coulter Electronic Particle Counter for erythrocytes and leukocytes of 12 mammalian species are described and discussed.
A comparison is made of results from one instrument with those from a second instrument.
Standard operational procedures are suggested, and the instrument settings currently in use in this laboratory are included. SUMMAKIO IN 1NTERLINGUA Discopertas de un studio de calibration e de standardisation con un contator electronic de particulas, typo Coulter, pro erythrocytes e leucocytos de 12 species mammalian es describite e discutite.
Un comparation es facite del resultatos de un instrumento con illos de un secunde instrumento.
Methodos de procedimento standard es suggerite, e le adjustamentos del instrumento currentemente in uso in iste laboratorio es includite.
